Background and purpose-The current work is based on our previous finding that in neuronal cells nmol/L concentrations of α-tocotrienol (TCT), but not α-tocopherol (TCP), blocked glutamateinduced death by suppressing early activation of c-Src kinase (J Biol Chem 275:13049) and 12-lipoxygenase (12-Lox;J Biol Chem 278:43508).
Introduction
Vitamin E is a generic term for tocopherols and tocotrienols 1 . Compared to tocopherols, tocotrienols have been poorly studied 2-4 . The current work is based on our striking evidence that in neuronal cells nmol/L concentrations of α-tocotrienol, but not α-tocopherol, blocked glutamate-induced death 5-7 . These studies from our laboratory presented first evidence showing that at amounts 4-10 fold lower than the levels of α tocotrienol detected in plasma of human supplemented with the vitamin E molecule 8 , α-tocotrienol has potent signal transduction regulatory properties that account for its neuroprotective function. Of importance, this striking property was exhibited by a nutrient known to be safe for human consumption. We have reported that glutamate-induced c-Src activation is a key executioner of glutamateinduced neuronal death and that such activation is sensitive to nanomolar concentrations of α-tocotrienol 5 . The significance of our report was further enhanced by a later publication demonstrating that indeed Src deficiency or blockade of Src activity in mice provides cerebral protection following stroke 9 . Next, we observed that glutamate-induced 12-lipoxygenase (12-Lox) activation is a critical piece of the signaling path that kills neurons 7 . Glutamate-inducible c-Src and 12-Lox were identified as two key cytosolic targets of α-tocotrienol within the neuron. In the current work, we employed a microinjection approach to assess the threshold of α-tocotrienol necessary to protect a neuron against glutamate and to test whether the targets of α-tocotrienol are indeed cytosolic. Next, we sought to establish whether there is a direct connection between c-Src and 12-Lox in the neurodegenerative pathway. Finally, we examined the significance of 12-Lox and of oral α-tocotrienol in stroke-induced neurodegeneration in vivo.
MATERIAL AND METHODS
A concise description is provided here. For a more complete description see online supplement.
Cell culture
Mouse hippocampal HT4 neurons-Mouse hippocampal HT4 cells were kindly provided by D.E. Koshland Jr., University of California at Berkeley 5, 7, 10 . Cells were grown in Dulbecco's modified Eagle's medium as described previously 5, 7, 11 . Primary cortical neurons. Cells were isolated from the cerebral cortex of rat feti (Sprague-Dawley, day 17 of gestation) as described 7, 12 .
Determination of cell viability
The viability of cells was assessed by measuring lactate dehydrogenase (LDH) leakage from cells to media 24 h following glutamate treatment 13 .
Microinjection of vitamin E
Microinjection was performed using a micromanipulator Femtojet B 5247 and Injectman NI 2 (Eppendorf, Hamburg, Germany) with a 80 (HT4) or 50 (primary cells) hPa of pressure and 0.1 s of time. The compensation pressure during injection was 40 (HT4) or 30 (primary cells) hPa. The glass micropipettes (Sterile femtotip I, Eppendorf) used for injection were with 0.5 μm inner and 1 μm outer diameter.
Determination of 12-lipoxygenase phosphorylation
For immunoprecipitation, cells were treated with 0.25 mM Na 3 VO 4 (15 min) to inhibit protein tyrosine phosphatases. Immobilized phospho-tyrosine mouse mAb was used to immunoprecipitate tyrosine-phosphorylated proteins. The immunoprecipitated proteins were separated on a 10% SDS-polyacrylamide gel electrophoresis, and probed with anti-12-Lox polyclonal antiserum (Cayman Chemical Co., Inc., Ann Arbor, MI).
Assay for c-Src dependent phosphorylation of 12-lipoxygenase in vitro
12-Lox (12.5 μl = 60μg) and 125μM ATP (0.5μl) were mixed with 5 μl of kinase assay buffer (25mM Tris-HCl, ph 7.5, 10 mM MgCl 2 , 0.1mM sodium orthovanadate, 2mM DTT, 5mM β-glycerophosphate) per reaction. The reaction was started with the addition of recombinant cSrc (6 units/reaction). The reaction was stopped with 5X electrophoresis buffer, boiled for 5 minutes, subjected to 10% SDS-polyacrylamide gel electrophoresis, and probed with phospho-tyrosine mouse mAb. To evaluate loading efficiency, membranes were stripped and re-probed with anti-12-Lox polyclonal antiserum.
Determination of 12-lipoxygenase activity
The in vitro activity of 12-lipoxygenase was assayed using a standard spectrophotometric method to measure the increase in the formation of conjugated dienes 14 . The activity of 12-Lox was calculated from the absorbance values as n moles/min using the ε of 2.52 x 10 4 M −1 and normalized as % control.
Mouse stroke model
Transient focal cerebral ischemia was induced in mice by middle cerebral artery (MCA) occlusion achieved by using the intraluminal filament insertion technique previously described 15, 16 . Determination of infarct volume. Brains were rapidly removed, placed in a -70° C freezer for 2 min, and then sectioned into five 2-mm-thick coronal sections. Sections were incubated for 15 min in 2,3,5-triphenyltetrazolium (TTC). TTC images were used to determine infarct size as a percentage of the contralateral hemisphere after correcting for edema, as previously described 15, 16 .
Spontaneously hypertensive rat (SHR) stroke studies I and II
Study I-SHR (N=32; male; four weeks old, Harlan, Indianapolis, IN, USA) were randomly divided into control and supplemented groups. All rats were maintained in vitamin E deficient laboratory chow (TD88163, Harlan). The control group was orally gavaged with vitamin E stripped corn oil with volume matching the mean volume of the supplement in the test group. Stock supplement solution (0.3 g Tocomin per ml) was made in vitamin E stripped corn oil. The test group was orally gavaged (8 weeks at 5d/w) with the supplement oil at a dosage of 1g Tocomin per kg body weight.
Study II-SHR (N= 42; male; four weeks old, Harlan, Indianapolis) were randomly divided into two groups: control and supplemented. All rats were maintained in vitamin E deficient chow (TD88163, Harlan). The control group was orally gavaged with vitamin E stripped corn oil with volume matching the mean volume of the supplement in the test group. Stock solution of tocotrienol supplement solution (0.06 g tocotrienol per ml) was made in vitamin E stripped corn oil. The test group was orally gavaged (13 weeks at 5d/w) with the supplement oil at a dosage of 50 mg tocotrienol kg body weight. Compared to Study I, the longer supplementation period was aimed at improving the delivery of α-tocotrienol to the brain.
SHR stroke
Male SHR (Study I & II) weighing 250-350 grams were fasted for 24 hours prior to surgery. SHR were chosen because infarction can be reliably produced in this species with little variability in infarct size 17 . Permanent focal neocortical ischemia was produced by tandem right common carotid artery (CCA) and middle cerebral artery (MCA) occlusion as described 17 .
12-Lipoxygenase phosphorylation in brain tissue
Rat brain tissues (100-150 mg) from study II were used to detect 12-Lox phosphorylation. The brain tissue sample was harvested from a predictable area of infarct core around the occluded vessel. This includes the primary motor cortex and the primary somatosensory cortex. Immobilized phosphotyrosine mouse mAb was used to immunoprecipitate tyrosinephosphorylated proteins. The immunoprecipitated proteins were separated on a 10% SDSpolyacrylamide gel electrophoresis, and probed with anti-12-Lox polyclonal antiserum.
Immunohistochemistry
Tissues were collected in OCT or formalin.
Fluro-Jade B staining-To determine the neuronal degeneration, frozen brain sections (10 μm) were stained using Fluro-Jade procedure 18 . pp60 src and phspho-src staining-Formalin-fixed brain tissue were embedded in paraffin and sectioned. The sections (4 μm) were deparaffinized and stained with mouse monoclonal antibody to Src and rabbit polyclonal antiserum anti-phospho-Src.
Vitamin E extraction and analysis
Vitamin E extraction and analysis of rat brains were performed as described previously using an HPLC-coulometric electrode array detector 6, 19 .
Statistics
Bar graphs represent mean ± SD. Difference between two means was tested by Students t-test. A value of p<0.05 was interpreted as a significant difference. Comparisons among multiple groups were made by analysis of variance ANOVA. P<0.05 was considered statistically significant.
RESULTS
Microinjection studies led to the observation that 10 −19 moles of cytosolic, but not nuclear, α-tocotrienol into a HT4 neuron protects from subsequent glutamate-induced insult ( Fig. 1A-B ). This observation is consistent with our previous reports identifying that the intracellular targets of α-tocotrienol in the neuron lies in the cytosol 5, 7 . Figure 1B demonstrates that after 24h of glutamate treatment all cells (Fig. 1A) , except the one microinjected with α-tocotrienol, died and perished leaving the α-tocotrienol injected lone cell to survive. When repopulated with healthy cells, the surviving cell continued to live as evident by the green calcein vital stain for live cells. The reddish stain in the calcein positive cell at the center of the field marks the injected cell (Fig. 1C) . Consistent with our previous report demonstrating that α-tocopherol does not share the neuroprotective effects of nanomolar α-tocotrienol, we observed that microinjection of α-tocopherol failed to protect HT4 neurons as well as primary neurons (not shown) against glutamate ( Fig. 1F-I ). The protective effect of sub-attomole quantity of α-tocotrienol was applicable to primary neurons as well (Fig. 1J-K ).
Reduced glutathione (GSH) plays a significant role in resisting neurodegeneration 20, 21 . Neurons are rich in arachidonic acid which substantially exacerbates neurotoxicity caused by lowered cellular GSH 7 . In this model of neurodegeneration, pharmacological inhibitors of both c-Src as well as of 12-Lox protected HT4 neurons ( Fig. 2A-B) . These results suggested a direct interaction of c-Src and 12-Lox in executing neuronal death. We hypothesized that 12-Lox is subject to tyrosine phosphorylation by c-Src activated in response to glutamate challenge. Experiments directed at testing the hypothesis revealed that glutamate induces rapid tyrosine phosphorylation in 12-Lox (Fig. 2C & F) . Such phosphorylation was sensitive to pharmacological inhibitors of c-Src as well as to α-tocotrienol (Fig. 2E) . Tyrosine phosphorylation of neuronal 12-Lox was also observed in response to treatment of cells with GSH-depleting buthionine sulfoximine and arachidonic acid. Such phosphorylation was inhibited in the presence of nanomolar α-tocotrienol (Fig. 2D) . Glutamate-induced 12-Lox phosphorylation was more pronounced in the kinase-active Src over-expressing cells than in kinase-dead K297R or control pUSE cells (Fig. 2H) . This, and findings from DN c-Src transfected cells (Fig. 2G) confirmed a direct role of c-Src in phosphorylating 12-Lox in the glutamate challenged neuron. The reaction between 12-Lox and c-Src in the presence of ATP provided direct evidence that 12-Lox may be phosphorylated by c-Src. Such phosphorylation of 12-Lox was inhibited by pharmacological inhibitors of c-Src such as herbimycin and PP2 (Figs 3A&B). Previously we have published that α-tocotrienol may dock on 12-Lox to block the catalytic function of the enzyme 7 . To test whether that inhibitory effect of α-tocotrienol on 12-Lox is applicable to phospho-12-Lox, an activity assay was performed. We observed that α-tocotrienol inhibits both 12-Lox as well as phospho-12-Lox activity (Fig. 3C ).
Pursuant to our previously reported finding that 12-Lox deficient neurons are resistant to glutamate-induced death and that 12-Lox represents a key target for α-tocotrienol action 7 , we observed that 12-Lox deficient mice were resistant to stroke injury (Fig. 4) . The compelling neuroprotective effects of α-tocotrienol in vitro led us to question the significance of this nutrient in vivo. In SHR stroke study #1, experimental stroke outcome data revealed that the Tocomin-fed rats tended (p = 0.057, Fig. 5E ) to have reduced injury following stroke than the control group. The study was repeated with a modified experimental design including a more pure form of the supplement, longer supplementation period and a larger sample size. The supplementation increased brain α-tocotrienol level without significantly changing the brain α-tocopherol (Fig. 5C-D) . The brain is known to retain its vitamin E levels effectively under conditions of dietary vitamin E dedficiency 22 . Consistently, we did not observe any significant drop in the α-tocopherol level of the brain of the control rats maintained on vitamin E deficiency (Fig. 5C ). Thus, other antioxidant systems, such as the GSH system in the brain, are not likely to be affected under the conditions of our study.
α-Tocotrienol supplemented rats were protected against stroke-induced brain injury (Fig. 5F ). Analysis of the brain tissue collected from the stroke site as well as from the contra-lateral nonstroke site of the brain demonstrated that while phospho-12-Lox was not detected in the nonstroke site, 12-Lox was clearly tyrosine phosphorylated in the tissue from the stroke site. Such stroke-associated phosphorylation of 12-Lox was lower in the brain of rats supplemented with α-tocotrienol (Fig. 5G) .
The histochemical application of Fluoro-Jade results in a simple, sensitive and reliable method for staining degenerating neurons and their processes 23 . More prominent Fluoro-Jade staining in brain sections from control rats compared to sections from supplemented rats (Fig. 6 ) was consistent with stroke-induced brain injury results shown in Fig 5F . Previously, we have reported that activation of c-Src represents a key mechanism that contributes to neurodegeneration 5 . Y416 represents a major autophosphorylation site in c-Src activation loop that is also responsible for c-Src activation 24 . Here we provide first in vivo evidence indicating that stroke is associated with c-Src activation at the injury site (Fig. 6) . Stroke-associated cSrc activation was partly suppressed in α-tocotrienol supplemented rats (Fig. 6 ).
DISCUSSION
Tocotrienols differ from tocopherols by possessing a farnesyl (isoprenoid) rather than a saturated phytyl side chain. The unsaturated side chain of tocotrienol allows for more efficient penetration into tissues that have saturated fatty layers such as the brain and liver 25 . Micromolar amounts of tocotrienol, not tocopherol, have been shown to suppress the activity of hydroxy-3-methylglutaryl coenzyme A reductase 26, 27 . Our finding that cytosolic, but not nuclear, α-tocotrienol is neuroprotective is in line with our previous observations characterizing that the molecular targets of α-tocotrienol in the neuron are cytosolic 5, 7 . Furthermore, the results showing that at sub-attomole levels α-tocotrienol, but not α-tocopherol, is neuroprotective is consistent with our previous reports claiming that at low doses the neuroprotective property of α-tocotrienol is not shared by α-tocopherol 5 . Efforts to elucidate the mechanisms underlying the neuroprotective properties of α-tocotrienol led to the finding that glutamate-induced rapid c-Src activation is prevented in the presence of nanomolar concentrations of α-tocotrienol. This function of α-tocotrienol was not shared by α-tocopherol 5 . The significance of α-tocotrienol as inducible c-Src inhibitor in neuronal cells was further enhanced by a subsequent study reporting that Src deficiency or blockade of Src activity in mice provides cerebral protection following stroke 9 . Next, we identified 12-lipoxygenase (12-Lox) as another α-tocotrienol sensitive molecular checkpoint that proved to be critical in executing death of neurons in response to glutamate and other GSH lowering agents 7 . Following glutamate challenge, 12-Lox was rapidly activated and migrated from the cytosol to the membrane 7 . Here, we tested the efficacy of inhibitors of both c-Src as well as 12-Lox in models of cell death other than glutamate-induced but related to GSH lowering. Based on past experience with such experimental systems 5, 7 , we challenged cells with either BSO alone or with a combination of BSO and arachidonic acid. α-Tocotrienol protected the neurons under both challenging conditions. Of interest, inhibitors of c-Src as well as of 12-Lox protected the cells against both challenging conditions. These observations led us to question whether 12-Lox may act as a substrate for c-Src. Results presented herein suggest that 12-Lox is subject to rapid tyrosine phosphorylation in neuronal cells challenged with glutamate or GSH-lowering agents. Such phosphorylation is rapid and coincides with the timeline of c-Src activation 5, 11 . Inhibitors of c-Src abrogated such inducible 12-Lox tyrosine phosphorylation supporting the notion that c-Src may directly phosphorylate 12-Lox in challenged neurons. To test this hypothesis we utilized genetic approaches of over-expressing kinase-active, kinase-dead or dominant negative c-Src in neuronal cells. Current findings from cell biology studies as well as from the study of c-Src and 12-Lox in cell-free systems indicate that in response to challenge by glutamate or GSH-lowering agents, c-Src is rapidly activated and phosphorylates 12-Lox.
In support of a central role of 12-Lox in glutamate-induced neurodegeneration, we have previously reported that inhibitors of 12-Lox prevent death of neuronal cells caused in response to glutamate or GSH-lowering agents 7 . Our case for 12-Lox as a critical mediator of glutamateinduced neurodegeneration was strengthened by the finding that compared to neurons from corresponding wild-type mice, cortical neurons from 12-Lox deficient mice are resistant to glutamate-induced death 7 . Our current findings demonstrate that 12-Lox deficiency protects against stroke injury. This builds a compelling case to look at 12-Lox as a therapeutic target for the management of stroke-related injury in the brain. Functional outcomes in in vivo stroke models have been proposed to be valuable while building the case for clinical trials to test the effect of any neuroprotective agent 28 . Although the incorporation of cognitive and sensorimotor functional outcome assessment represents an important step forward in stroke research, reports of MCAO induced behavioral deficits often conflict 29 . The effect of tocotrienol on stroke-induced changes in functional outcome remains to be investigated. In glutamate-challenged neurons, α-tocotrienol effectively modulates both 12-Lox as well as cSrc activity to favor survival 5, 7 . This study demonstrated that oral α-tocotrienol supplementation may protect against stroke in vivo.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Fluoro-Jade (FJ) stain. In the contralateral hemisphere of the brain from control rats (A1) there was hardly any FJ-positive neuron. The ipsilateral hemisphere of the brain from α-tocotrienol supplemented rats (C1) contained fewer (see Figure 5H ) FJ-positive cells compared to such cells in the ipsilateral hemisphere of the brain from control rats (B1). Src and phospho-Src staining. In non-stroke site of the brain section, Src was present (A2) but not in a phosphorylated form (A3). Stroke did not influence Src expression but clearly induced Src phosphorylation and activation. Such stroke-induced Src activation was less in the brain sections of tocotrienolsupplemented rats compared to control rats that were subjected to stroke (C3 versus B3). For all sections shown, brain was harvested 24h after stroke. Bar = 100 micron.
